Voltage-dependent anion channels (VDACs) are pore-forming proteins (porins) that form the major pathway for movement of adenine nucleotides through the outer mitochondrial membrane. Electrophysiological studies indicate that VDAC-like channel activity is also prevalent in the cell membranes of many mammalian cells. However, the multitopological localization of porins outside the mitochondrion has remained an extremely controversial issue. Herein, we show that usage of two alternative first exons of the murine VDAC-1 gene leads to expression of two porins differing within their N termini. One porin (plasmalemmal VDAC-1) harboring a hydrophobic leader peptide is primarily targeted through the Golgi apparatus to the cell membrane. In contrast, the second isoform lacking the N-terminal leader (mitochondrial VDAC-1) is translocated more efficiently into the outer mitochondrial membrane. Thus, our data provide unique genetic evidence in favor of a multitopological localization of a mitochondrial porin.
V
oltage-dependent anion channels (VDACs) represent a multigene family of evolutionarily conserved and well characterized pore-forming proteins (porins) found in the outer mitochondrial membranes of all eukaryotes. Traditionally, VDACs have been thought to be localized exclusively in the outer mitochondrial membrane (1, 2) , where they control homeostasis by transport of ATP and ADP (3) . However, several lines of evidence indicate the presence of VDACs in the cell membrane, including electrophysiological studies showing large-conductance anion channels with VDAC-like voltage sensitivity, single-channel conductance, and ionic selectivity in a variety of cell types (2, 4, 5) .
Nevertheless, the multitopological nature of VDACs has remained controversial. Although subcellular localization of tagged proteins expressed in cells transiently transfected with human VDAC-1 and VDAC-2 cDNAs indicated exclusive translocation into mitochondria (5) , the presence of VDAC-like channels has been detected recently in plasma membrane organelles, the caveolae (6) . Thus, the molecular identity of the large-conductance, VDAC-like plasmalemmal anion channel reported in a number of different patch-clamp studies (7, 8) remained unclear. Because cell membrane targeting of proteins is frequently controlled by N-terminal leader sequences, we have investigated in detail the 5Ј structures of the murine VDAC-1 gene. Herein, we show that the usage of two alternative first exons of the murine VDAC-1 gene leads to expression of two porins differing in their N termini. Positive evidence for plasmalemmal localization of VDAC was obtained by functional expression of both myc-tagged VDAC-1 isoforms. One porin (plasmalemmal VDAC-1 or pl-VDAC-1) harboring a signal sequence is primarily targeted through the endoplasmic reticulum (ER) to the Golgi apparatus into the cell membrane. In contrast, the second myc-tagged isoform (mitochondrial VDAC-1 or mt-VDAC-1) lacking the N-terminal leader is translocated more effectively into the mitochondrial membrane. An effective plasmalemmal translocation was evidenced further by patch-clamp studies, indicating a significant increase of large-conductance anion channels in the cell membrane of cells stably transfected with pl-VDAC-1.
Materials and Methods
Cloning of the VDAC-1 Gene. Plaques of a FixII murine genomic library (n ϭ 3 ϫ 10 5 ; SVJ129, Stratagene) were screened with the entire cDNA probe encoding the bovine VDAC-1 gene (7) . Three overlapping phage inserts spanning the entire VDAC-1 locus were isolated and mapped according to standard protocols (9) .
Antibodies and Western Blot Analysis. Western transfer of homogenized cells was done by semidry blotting of SDS͞12.5% PAGE gels followed by antibody incubation with the c-myc monoclonal antibody (9E10, Calbiochem) in a dilution of 1:50. Rabbit anti-mouse IgG coupled to horseradish peroxidase was used as secondary antibody (Dako) in a dilution of 1:4,000.
Rapid Amplification of cDNA Ends-PCR (RACE-PCR) and Reverse Transcription-PCR (RT-PCR).
For RACE-PCR, a kit was used, following the manufacturer's instructions precisely (Marathon cDNA Amplification Kit, CLONTECH). The profile was as follows: 1 min at 55°C, 1 min at 72°C, and 1 min at 95°C. RACE products were subcloned into the plasmid pT7 and sequenced entirely on both strands (Applied Biosystems 373 sequencer). Locations of the following primers with respect to the murine VDAC-1 gene are shown in Fig. 1A : mt1, 5Ј-CCG CAG CCC CCG CCG TAG  CTG-3Ј; mt2, 5Ј-TCG GAG GCG GTG ACG GCG GGA-3Ј;  mt3, 5Ј-GCT GCT CCC GCC GTC ACC GCC-3Ј; pl1, 5Ј-ACC  CAC ATC TGG ATG CCT GAG-3Ј; pl2, 5Ј-TGC CAC AAC  AAA AGC ACG AGA-3Ј; pl3, 5Ј-TGT GTT CAT TCT TTC  TCG TGC-3Ј; V1, 5Ј-GGT GAA GAC ATC CCT GGC AGA  TTT G-3Ј; and V2, 5Ј-CCA GTG TTC GGC GAG AAT  GAC-3Ј . Detailed protocols for RT-PCR have been described (9) . Briefly, 1 g of poly(A) ϩ -selected mRNA from murine whole brain was reverse transcribed, and 35 cycles of RT-PCR were performed according to the following profile: 1 min at 65°C, 1 min at 72°C, and 1 min at 95°C.
Transfection Experiments. Fully encoding cDNA fragments of pl-VDAC-1 and mt-VDAC-1 were amplified by PCR and ligated into the EcoRI cloning site of pSG5 (ref. 10; Stratagene). The pl-VDAC-1 construct harbored the exon 1 including the hydrophobic leader sequence, and the mt-VDAC-1 construct harbored the 5Ј untranslated sequence of exon 1. Both constructs were modified by an 11-aa myc epitope introduced via the 3Ј PCR primer. In addition, fully encoding cDNA fragments of pl-VDAC-1 and mt-VDAC-1 were amplified by PCR and were cloned in-frame into the EcoRI͞BamHI cloning sites of pEGFP-N3 (CLONTECH). The pl-VDAC-1-GFP construct harbored the exon 1 including the hydrophobic leader sequence, and the mt-VDAC-1-GFP construct harbored the 5Ј untranslated sequence of exon 1. Both constructs have a fusion protein, the green fluorescence protein (GFP), at their C termini. Transfections of HeLa and COS7 cells with the myc and GFP constructs were performed by using the Lipofectamine method according to the manufacturer's protocol (GIBCO).
Immunocytochemistry and Cytochemistry. For immunocytochemistry of the myc transfectants, cells from subconfluent cultures were fixed after 48 h in ice-cold acetone for 20 min and stained by indirect immunofluorescence with a 1:100 dilution of the monoclonal c-myc antibody and a 1:100 dilution of FITCconjugated sheep anti-mouse IgG (Dako) or a 1:200 dilution of Cy3-conjugated sheep anti-mouse IgG (Sigma). Visualization of mitochondria was performed by incubation of cells in 300 nM MitoTracker Green FM (Molecular Probes) at 37°C for 45 min followed by acetone fixation (11) . Visualization of the Golgi was achieved by Bodipy FL C 5 -ceramide (Molecular Probes; ref. 12) . Briefly, cells were incubated in 5 M dye dissolved in DMEM at 2°C for 30 min, washed in DMEM, incubated at 37°C for 30 min, and finally fixed in ice-cold acetone and further processed for myc immunostaining. Both dyes were visualized in the green FITC channel, and the myc immunostaining was visualized in the red rhodamine channel with confocal laser-scanning microscopy (MRC 600, Bio-Rad).
Immunocytochemical labeling of the trafficking pathways of the GFP transfectants was obtained with the following antibodies. The ER was labeled by an antibody directed to calnexin (13) ; the Golgi was labeled by the clone 58K-9 (Sigma); and the mitochondria was labeled by a monoclonal antibody toward the subunit I of the complex IV of cytochrome c (Molecular Probes). Immunocytochemistry was performed as recently described (7). Northern Blot Analysis. For Northern hybridization, 10 g of poly(A) ϩ -selected mRNA from murine whole brain was separated on 1.2% paraformaldehyde͞agarose gels, blotted onto Nylon membranes, and hybridized according to standard protocols (14) . Hybridization was performed in 50% (vol͞vol) formamide at 43°C, and the final wash was in 0.1% SSC͞0.01% SDS at 65°C for 30 min.
Electrophysiological Experiments. A clonal PC12 parental cell line (termed G7) was cotransfected with the vectors containing mt-VDAC-1-myc or pl-VDAC-1-myc and with the vector containing the puromycin-resistance gene by using the Lipofectamine procedure (see above). At 48 h after transfection, the cells were split into 100-mm dishes with 9.0 ml of selection medium containing 2 g͞ml puromycin. After 30 days, individual puromycin-resistant subclones were isolated and grown for immunofluorescence and electrophysiological assays. Analysis of large-conductance anion channels was performed by using the patch-clamp technique with inside-out configuration. Pipettes were pulled from borosilicate glass capillaries (6-9 M⍀) and filled with solution containing 138 mM NaCl, 1.9 mM CaCl 2 , 1.8 mM glucose, and 5 mM Hepes (pH 7.4). Seal resistances were in the range of 2-8 G⍀. Current data obtained with an Axonpatch 200B patch-clamp amplifier (Axon Instruments, Foster City, CA) were low-pass filtered in the patch amplifier at 2 kHz and stored on a personal computer through an interface (Digidata 1200, Axon Instruments). Acquisition and analysis were performed by using PCLAMP6 software (Axon Instruments). Large-conductance anion channel behavior was characterized from excised patches under symmetrical conditions (NaCl solution in both pipette and bath) from channel recordings in response to depolarizing voltage pulses ranging from ϩ45 to Ϫ45 mV. The membrane potential was held at 0 mV, then stepped to test holding potentials for 60 s, and then returned to 0 mV. Unitary conductance and open probabilities were calculated only for transitions between the closed and the open states of the channels (11).
Results and Discussion
Because cell membrane-targeting of proteins frequently is controlled by N-terminal leader sequences (see legend to Fig. 1B and references cited therein), we have investigated in detail the 5Ј structure of the murine VDAC-1 gene. Three phages of a murine SVJ129 genomic library were isolated containing 30 kb of overlapping DNA fragments spanning the entire VDAC-1 gene. Fluorescence in situ hybridization with one of the phage inserts as a probe revealed specific signals on chromosome 8, indicating that we indeed isolated the genomic locus of VDAC-1 (data not shown). Nine exons were mapped at positions identical to those in a recent report (15) . The first untranslated exon is located Ϸ14 kb 5Ј adjacent to the second exon harboring the predicted protein start codon of the known VDAC-1 porin (referred to as nucleic acid residue ϩ1 in Fig. 1 A) . However, closer inspection revealed a second putative in-frame protein start codon located immediately 5Ј upstream from the second exon at position Ϫ39. Computer analysis predicted this frame to encode an N-terminal leader peptide harboring a central hydrophobic core characteristic for signal peptides found in many integral membrane proteins of yeast, insects, and mammals (see Fig. 1B and references cited therein) . Thus, we speculated that two alternative proteins might be expressed from the VDAC-1 gene: one targeted by means of a N-terminal leader peptide into the cell membrane, hence referred to as pl-VDAC-1, and the other being the previously known mitochondrial form lacking a leader, hence referred to as mt-VDAC-1.
Three sets of experiments were performed to verify that two distinct, alternative mRNAs are transcribed. First, we used specific primers matching the 5Ј ends of pl-VDAC-1 and mt-VDAC-1, respectively, and a third primer matching the sequences in the common fifth exon for RT-PCR amplification of the two messages (primer pairs mt3͞V2 and pl3͞V2 are shown in Fig. 1 A) . These primer pairs span several exon͞intron borders and thus avoid amplification of contaminating genomic DNA. In both cases, the expected 350-bp cDNA fragments were amplified from murine whole-brain mRNA preparations and verified by sequencing (Fig.  1C) . Secondly, we amplified the 5Ј mRNA ends by RACE-PCR (9) by using the downstream primer V1 matching residues ϩ31 to ϩ54 of exon 2 (shown in Fig. 1 A) . The RACE-PCR products were subcloned, and the sequences of the longest RACE clones representing 5Ј mRNA ends of mt-VDAC-1 and pl-VDAC-1, respectively, are shown in Fig. 1D . These data indicate that the mt-VDAC-1 message is being initiated at least 65 nucleic acid residues upstream from the translation start codon (designated residue ϩ1 in Fig. 1 A) and that the pl-VDAC-1 message initiates at least 5 bases upstream from the start codon of the hydrophobic leader. Finally, we hybridized Northern blots prepared from whole-brain mRNA with cDNA probes derived from the specific 5Ј gene ends. These probes were amplified by PCR from genomic phage DNA by using primer pairs mt1͞mt2 and pl1͞pl2 (Fig. 1 A) . To avoid overlaying of signals similar in size, we probed two different Northern blots and checked RNA integrity and equal poly(A) ϩ -selection efficiency by ethidium bromide staining of the gels and control hybridizations with a ␤-actin probe ( Fig. 2A) . Results shown in Fig. 2 A reveal two different mRNAs both Ϸ2 kb in size. Quantitation of signal intensity on a PhosphorImager indicated that the mt-VDAC-1 mRNA is Ϸ5-fold more highly expressed in whole brain than the pl-VDAC-1 mRNA. Although not performed quantitatively, differences in signal intensities of mt-VDAC-1 and pl-VDAC-1 determined by using RT-PCR (Fig. 1C) and Northern blots (Fig. 2 A) were in excellent agreement. Taken together, these data clearly prove that both predicted mRNAs encoding mt-VDAC-1 and pl-VDAC-1 are transcribed in murine brain.
Consistent with the presence of two mRNAs are Western blots from COS7 cells transiently transfected with expression constructs of both porins. Although mt-VDAC-1-transfected cells probed with the myc antibody showed a single band at the expected position of 32 kDa, pl-VDAC-1-transfected cells had two bands, a lower one in the range of the mt-VDAC-1 at 32 kDa and an upper band about 2 kDa higher. A reasonable explanation for this second band is that it contains the uncleaved pl-VDAC-1 protein, because the difference in size matches the length of the leader sequence of Ϸ2 kDa (13 aa; Fig. 2B ).
Next, we aimed to express the two predicted VDAC-1 porins and study their subcellular localization. Because the specificity of monoclonal anti-VDAC antibodies, which have been used previously for immunodetection of VDAC-1 on the cell surface (16), has been questioned recently (2), we constructed C-terminally myc-tagged and GFP-tagged expression plasmids of mt-VDAC-1 and pl-VDAC-1. An epitope specifically recognized by the monoclonal c-myc antibody 9E10 that causes little or no nonnuclear background staining was used. The myc-tagged as well as the GFP-tagged cDNAs were amplified by PCR, ligated into simian virus 40 promoter-driven expression plasmids (9) , and resequenced in their entirety. In vitro translation of the myc-expression plasmids resulted in the expected peptides of Ϸ32 kDa for mt-VDAC-1-myc and 34 kDa for pl-VDAC-1-myc, respectively (data not shown). Transient transfections into COS cells and into the teratocarcinoma cell line PA-1 clone 9117 (17, 18) were performed. Myc-tagged mt-VDAC-1 and pl-VDAC-1 proteins were visualized in red with a Cy3-labeled sheep anti-mouse serum, and mitochondria or the Golgi vesicles were counterstained with dyes (12, 19) visible in the green FITC channel. Laser-scanning micrographs clearly revealed that the tagged mt-VDAC-1 porin largely overlapped with mitochondria resulting in orange fluorescence (Fig. 3A) . In agreement with the study of Yu et al. (5) , red fluorescent myc-tagged mt-VDAC-1 signals did not appreciably colocalize with the green Golgi signals (Fig. 3B) . In contrast, pl-VDAC-1-myc staining to a large extent colocalized with the Golgi apparatus mainly in the perinuclear region (Fig. 3D) but did not show a mitochondrial-like staining pattern (Fig. 3C) . Presumably because the Golgi-stain is quite specific and does not mark the secretory pathway in its entirety from the ER to the cell membrane, pl-VDAC-1-myc signals did not always completely overlap with the Golgi signal. In addition to the myc tag, we performed labeling of both constructs by using the GFP to identify the secretory pathways of the VDAC-1 proteins. HeLa cells and COS cells were transiently transfected with mt-VDAC-1-GFP and pl-VDAC-1-GFP, respectively. The GFP transfection allowed in vivo preselection of the cells on the level of translational efficiency by estimating the amount of green fluorescence. Only those cell clones that did not show toxic effects by the pl-VDAC-1-GFP construct (see below) were used for immunolabeling. Antibodies to different compartments were used for labeling sub- (Fig. 3H ) as well as a labeling of the Golgi compartment (Fig. 3Ia) . We regularly found green fluorescence in vesicular structures and staining of circumscribed cell membrane domains (Fig. 3Ib) indicative of a secretory targeting of pl-VDAC-1-GFP to the cell membrane. No overlap of green fluorescence was found with the mitochondrial marker (cytochrome c, subunit I, Fig. 3J ), which is consistent with the idea of a preferred cell membrane insertion of the pl-VDAC-1-GFP. The mt-VDAC-1-GFP, however, did not show overlap with any of the markers (Fig. 3 E-G) . Instead, green fluorescence occurred in the form of aggregates that resembled the recently described aggresomes (20) with respect to their cytoplasmic distribution. Because the myc-tagged mt-VDAC-1 was imported effectively into the mitochondrial membrane (Fig. 3A) , a reasonable explanation for the mistargeting of the mt-VDAC-1-GFP is that the signal responsible for mitochondrial import is obscured by the large GFP tag. The entirely different subcellular distribution of both GFP-tagged isoforms can be taken as indirect proof that both isoforms travel along different pathways. From the electrophysiological data (see below), we conclude that at least some mt-VDAC-1-myc escapes into the cell membrane in the transfected cells, but we were unable to detect this escape by immunofluorescence.
The data above indicate that mt-VDAC-1 mRNA encodes a protein that is translocated primarily into the mitochondria and that the pl-VDAC-1 mRNA encodes a protein that is guided from the ER through the Golgi into the cell membrane.
pl-VDAC-1-transfected cells frequently revealed swollen cytoplasm and clusters of clumped Golgi vesicles (data not shown). We therefore investigated whether high levels of pl-VDAC-1 expression exerted deleterious effects on cell viability. A GFP expression plasmid was cotransfected with a series of different amounts of mt-VDAC-1 and pl-VDAC-1 expression plasmids, and the percentage of viable, green-fluorescent cells after 48 h was determined by FACS analysis. Experiments were repeated in triplicate and indicated clearly that the survival of transfected cells decreased in response to increasing amounts of transfected pl-VDAC-1 expression plasmid (Fig. 4) . A similar effect was not obtained by the mt-VDAC-1 expression plasmid.
To obtain direct evidence that transfected pl-VDAC-1 constitutes VDAC-like channels in plasmalemma, we performed patch-clamp analyses of membranes excised from PC12 cells stably transfected with pl-VDAC-1 and mt-VDAC-1 myc-tagged expression plasmids. Untransfected PC12 cells (clone G7) revealed VDAC activity in 4% (2 of 57) of sampled patches. Of the 23 puromycin-resistant subclones transfected with pl-VDAC-1, 15 were immunopositive for myc, and of the 19 clones transfected with mt-VDAC-1, 7 showed immunoreactivity with myc antibodies after immunofluorescence. Electrophysiological recordings were performed on six of the immunopositive clones for pl-VDAC-1 and on six of the immunopositive clones for mt-VDAC-1. Large-conductance anion channel activity was present in 18% (29 of 160) and in 17% (8 of 46) of these membrane patches, respectively. Similar to the behavior of VDAC (11) , the conductance of the closed state of the channels recorded in transfectants was about half the conductance of the fully open channels. Because virtually no transitions were recorded between the closed state and the zero current level, analyses were limited to transitions between the closed and fully open states.
An example of channel activity recorded in such active patches is shown in Fig. 5 . Fig. 5A Left shows activity of single largeconductance anion channels in an excised inside-out membrane patch, and Fig. 5A Right shows an all-point histogram indicating conductance of the open state and closed state. In this example of a recording where four channels were present, only one channel opening is shown. Unitary current-voltage (i-V) relationships constructed for both pl-VDAC-1-myc and mt-VDAC-1-myc PC12 transfectants exposed to symmetrical NaCl solution (Fig. 5B) were found to be linear, with slope conductances of 357 pS (pl-VDAC-1) and of 323 pS (mt-VDAC-1). The mean value of single-channel conductance measured from the open to the closed state for all patches at all voltages was 367 Ϯ 16 pS and 321 Ϯ 9 pS for pl-VDAC-1 and mt-VDAC-1, respectively. These values are exactly in the range of the unitary conductance of VDACs described recently (7, 11) . The presence of VDAC-like membrane activity after mt-VDAC-1 transfection seems less surprising if one considers the background of expression from which the clones were selected. Because pl-VDAC-1-myc has a dose-dependent negativedominant effect in transfected cells (see above), selection was biased toward low-level expressers; however, mt-VDAC-1-myc transfection did not show this effect, and selection was more random including overexpressing clones. It is most likely that targeting is not absolute in an overexpressing system, as has been shown for other integral membrane proteins (21) , allowing mt-VDAC-1 to be inserted into the cell membrane as well.
Thus, our transfection experiments provide clear evidence of a translocation of pl-VDAC-1 into the cell membrane, indicative of the existence of a targeting pathway of this porin into the cell membrane of eukaryotic cells. In all likelihood, the hydrophobic leader sequence can be regarded to be responsible for this targeting process. The occurrence of plasmalemmal channels with the typical biophysical profile of mt-VDACs after stable transfection with the pl-VDAC-1 construct supports the idea that the VDAC-like activity found in a number of different cell membranes (7, (22) (23) (24) (25) relies on the presence of channels of the VDAC type. The large-conductance anion selective channels obtained by pl-VDAC-1 transfection are strikingly similar to the VDACs of the outer mitochondrial membrane. These similarities include large main-state unitary conductance, a closed state with about half of the fully open channel size, and the rather symmetric voltage sensitivity of open probability. A feasible argument against this interpretation is an artifactual insertion of pl-VDAC-1 into the cell membrane in a system driven by strong promoters, as is the case for the simian virus 40 promoter. This argument is unlikely for the following reasons. Artifactual insertion by overexpression is expected to generate a more or less stochastic translocation of the products into both the cell membrane and the outer mitochondrial membrane regardless of the translated splice form. In our case, however, we consistently found two significantly variant pathways for the plasmalemmal and the mitochondrial isoforms. Although pl-VDAC-1 was clearly trafficking through the Golgi, the mt-VDAC-1 was never found in the Golgi but accumulated in the mitochondria. Such a consistency in trafficking is likely to be the consequence of a directed transport rather than a stochastic process. The toxic effect observed for the pl-VDAC-1 also speaks in favor of a directed process. Although this effect was clearly dose dependent (Fig. 4) , indicating that overexpression of pl-VDAC-1 is deleterious for the transfected cells, a similar effect was not observed after mt-VDAC-1 expression. A reasonable explanation for this difference is that the pl-VDAC is inserted much more effectively into the cell membrane, leading to irreversible changes in membrane permeability as is expected for this large-conductance channel. One could speculate that the regulative capacity of the cell, which normally keeps this channel in a closed state (26) , is exhausted when excessive amounts of pl-VDAC-1 are incorporated in the cell membrane.
Taken together, our data provide clear molecular and functional evidence for the multitopological nature of VDAC-1 channel porins and thus settle an important issue of the nature and origin of large-conductance anion channels in the cell membrane that has remained controversial for many years.
